Abstract Modern evolutionary theory is both a central theory and an integrative framework of the life sciences. This is reflected in the common references to evolution in modern science education curricula and contexts. In fact, evolution is a core idea that is supposed to support biology learning by facilitating the organization of relevant knowledge. In addition, evolution can function as a pivotal link between concepts and highlight similarities in the complexity of biological concepts. However, empirical studies in many countries have for decades identified deficiencies in students' scientific understanding of evolution mainly focusing on natural selection. Clearly, there are major obstacles to learning natural selection, and we argue that to overcome them, it is essential to address explicitly the general abstract concepts that underlie the biological processes, e.g., randomness or probability. Hence, we propose a twodimensional framework for analyzing and structuring teaching of natural selection. The first-purely biological-dimension embraces the three main principles variation, heredity, and selection structured in nine key concepts that form the core idea of natural selection. The second dimension encompasses four so-called thresholds, i.e., general abstract and/or nonperceptual concepts: randomness, probability, spatial scales, and temporal scales. We claim that both of these dimensions must be continuously considered, in tandem, when teaching evolution in order to allow development of a meaningful understanding of the process. Further, we suggest that making the thresholds tangible with the aid of appropriate kinds of visualizations will facilitate grasping of the threshold concepts, and thus, help learners to overcome the difficulties in understanding the central theory of life. Sci & Educ (2017) 26:953-973 https://doi
Introduction
Darwin's theory of evolution is considered to be one of the most important and ground-breaking theories in science history and it essentially underpins all modern biology, from ecology to medicine. Evolutionary theory explains how all known life forms are related, descended from a common ancestor, diversify, and adapt to their environments. Therefore, sound understanding of evolutionary theory is essential for both understanding many aspects of fundamental science and diverse challenges facing individuals, communities, and global ecosystems today.
In a recent meta-analysis of literature published between 2000 and 2014, Glaze and Goldstone (2015) identified the following seven general orientations in evolution education research: (1) approaches to evolution in the classroom; (2) knowledge, understanding, and acceptance of evolution; (3) attitudes and perceptions of evolution;( 4) factors impacting the teaching and learning of evolution; (5) evolution conflicts and coping strategies; (6) evolution and religiosity; (7) evolution teaching methods, courses, and assessment. This clearly indicates that teaching evolution has many facets. Evolution education research has also shown that the theory of evolution presents severe problems to learners, and many teaching strategies have failed to solve them, or reportedly address them ineffectively (e.g., Gregory 2009; Smith 2010a, b; Kampourakis and Zogza 2009) . Hence, it is non-controversial that new instructional approaches are needed to foster better conceptual understanding of evolution in biology classroom and wider society. There is therefore an urgent need to find explanations for the difficulties in understanding this fundamental theory of life and ways to overcome them.
Against this background, taking into account (i) recent science education literature on evolution teaching and learning, (ii) threshold concepts (Meyer and Land 2005; Ross et al. 2010) , and (iii) findings from cognitive psychology studies, we propose a two-dimensional framework of principles, associated key concepts and threshold concepts pertaining to evolution, particularly natural selection. We hypothesize that a complete understanding of the theory of biological evolution requires development of the ability to freely navigate the complexity of this twodimensional framework. We then hypothesize that appropriate dynamic and multimodal visualizations may serve as educational tools that reduce the thresholds and, thereby fostering learning of evolution in biology classrooms and facilitating students' efforts to grasp the complexity of life.
Basic Problems in the Teaching of Evolution
The teaching and learning of evolution has faced difficulties ranging from pedagogical obstacles to social controversy, as noted, for example, by Smith (2010a, b) . These include two distinct sets of problems. One derives from objections rooted in religion (e.g., Billingsley et al. 2015; Basel et al. 2014; Rissler et al. 2014; Basel et al. 2013; Yasri and Mancy 2012) , while the other stems from the fact that many evolutionary concepts may seem, at least initially, counter-intuitive to students. An overview of these problems is given by Kampourakis (2014) . In this article, we do not address the first set, but focus on the second.
Previous literature has defined the basic concepts of evolution (e.g., Mayr 1982 Mayr , 1997 Anderson et al. 2002; Nehm and Reilly 2007) and strenuous efforts have been made to analyze and describe students' difficulties in comprehending them. However, in addition to understanding the concepts constituting the theory of evolution, they must also be connected in a complex web of manifold interconnected systems to thoroughly grasp the theory. Creating these connections may be one of the main problems for learners. Students may struggle to assimilate the vast amounts of information they encounter in biology classes, and thus, fail to notice relevant connections between contents and topics, or grasp the concepts that weave them together. Consequently, contents across lessons or classes can appear ambiguous or disconnected (Tenenbaum et al. 2011 ) and students may not successfully develop an interconnected biological knowledge structure leading to the understanding of evolution. As biological contents can only be fully understood in the integrative framework of biological evolution, it seems essential to use this framework continuously for teaching biology from the beginning onwards (Nehm and Schonfeld 2007; Smith et al. 2009; Leopoldina 2017) .
The problem of knowledge integration, i.e., how to integrate newly learned content with existing knowledge, and link, connect, distinguish, organize, and structure ideas (Clark and Linn 2003, p. 452) , has been tackled by numerous studies. The effectiveness of knowledge integration depends, among other factors, on the learner's particular knowledge structure, which has been described as efficient if structured around core ideas (e.g., Bransford et al. 2000; Pugh and Bergin 2006) , i.e., the central ideas in a focal discipline, such as evolution in biology (NGSS 2013) . To support knowledge integration (sensu Clark and Linn 2003) in science education, core ideas have been introduced into the science standards and curricula of several countries, e.g., the USA (NGSS 2013) and Germany (KMK 2005) . As a core idea, evolution can support the learning of biology by facilitating the organization of knowledge. In addition, evolution can function as a pivotal link between biological contents and highlight similarities in the complexity of the discipline. In this manner, core ideas are thought to facilitate integration of students' knowledge and understanding of science. However, the extent to which this goal is achieved depends on the coherence (Fortus and Krajcik 2012) with which concepts like evolution are taught across different (disciplinary) contexts (Fortus et al. 2015) .
Principles and Key Concepts Linked to Natural Selection
Evolution is the theory that explains how populations of organisms by random genetic changes generate various new heritable characteristics over generations which, through the action of natural selection, result in adaptation to their environments. As convincingly argued by Darwin and Wallace (Darwin 1859; Smith and Beccaloni 2008) , natural selection acts on populations of organisms with various traits and explains how populations change over time as a result of changes in their environments. Thus, natural selection can be described as the differential survival and reproduction of individuals in populations. The variation between individuals within a population originates from genetic variation, and natural selection acts on the resulting phenotypic variation in a biological population. This leads to changes in the frequency of populations' heritable traits in the course of time. Thus, to quote Nei (2005 and 2013 ) "without mutation no evolution can occur"and evolutionary relationships among species are generally traced nowadays by comparing their nucleotide sequences (Eterovic and Santos 2013) . Genetic processes such as genetic drift is excluded for it mainly affects only small populations. This-in our view-makes it negligible in this context.
Various core and key concepts have been described in the literature for understanding natural selection. One of the most influential expositions was offered by Mayr (1997) , which was subsequently elaborated by other researchers, for example, Anderson et al. (2002) and Nehm and Reilly (2007) . We have chosen to amalgamate these concepts into three overarching principles-variation, heredity, and selection (cf. Godfrey-Smith 2007)-which are described in detail below, together with the related key concepts as summarized in Table 1 . In the following sections, we explain the reasoning behind this organization.
The Variation Principle
Natural selection will only lead to evolution if there is genetic variation in a population. Such genetic variation may be manifested as morphological, physiological, or behavioral (phenotypic) differences among the population's members, but we know that the ultimate sources of variation are random mutations, genetic recombination, or horizontal gene transfer, and in sexually reproducing organisms, recombination of genes. Thus, these various changes in the organisms' genomes are the origins of variation. The complete set of genes within an organism's genome, the genotype, lays the foundation for its structure and behavior (phenotype), and hence, the likelihood that it will survive and reproduce, relative to that of other members of its population, in a specific environment (differential fitness). This individual variation (including reproductive capacity) is a fundamental requirement for natural selection (cf . Table 1 ). However, individual phenotypic variation within populations is a much easier concept to grasp than genetic variation. It should be noted that all mutations contribute to genetic variation, but they do not all give rise to different phenotypes. This is because some mutations occur in non-coding regions of the genome or do not cause any functional changes to gene products. Furthermore, some mutations may be beneficial in some environments, lethal in others, and have changing consequences in a changing environment.
The Heredity Principle
A requirement for the process of natural selection is for individuals to reproduce and pass on their genomes from generation to generation (inherited variation). An important theoretical concept is the biotic potential of a population, which is a measure of its maximum reproductive capacity under optimal (i.e., most favorable) environmental conditions. A population of a species realizing its biotic potential would grow exponentially. If more offspring are produced that can possibly survive in a given environment, competition will occur between the organisms for survival and reproduction. Hence, traits that confer fitness (likelihood to survive and reproduce) in that environment, and that confer advantages over their competitors, are most frequently passed to, and accumulate in the next generation (Anderson et al. 2002; Mayr 2001; Nehm and Reilly 2007; Nehm and Ha 2011 ) (cf. Table 1 ).
The Selection Principle
The physical world imposes limits to the individual organisms on which traits that are beneficial. Numerous biotic and abiotic factors determine which potential phenotypic (and hence, genotypic) changes will be beneficial or harmful for organisms, and thus, influence their fitness. These selection pressures may include forms and abundance of diverse nutrients, and presence of signaling molecules, toxic agents, pathogens, symbioses, predators, or climate variables (Arthur 2002) . Thus, in any environment, differential survival can occur, and organisms with traits that confer advantages over their competitors, in their specific environment, will have a higher probability to survive long enough to reproduce, i.e., different traits confer different survival rate and differential reproductive success. Hence, organisms that have advantageous traits (and the genes that confer them) will be selected. Selective pressures are constantly present, and constantly change within certain ranges, in real environments. This process of natural selection may involve many generations, since individuals with favorable characteristics may gradually come to dominate a population, or very rapidly if (for instance) massive chromosomal re-arrangements or major environmental shifts that eliminate most individuals in a population are involved. Clearly, organisms inherited reproductive potential and mating success (differential reproduction) are also critical. A short-lived individual that produces numerous offspring may contribute much more to coming generations than long-lived individuals that produce few offspring. As a result, populations evolve in particular directions (Godfrey-Smith 2007)-population change. Furthermore, isolated populations (originating from the same ancestral population) may diverge sufficiently over time to become separate species that can no longer interbreed-a process called speciation. In addition, species with unfavorable characteristics might completely die out, like (for example) saber-tooth tigers. The extinction of these animals is believed to have been linked to the contemporaneous decline of large herbivores they preyed upon, and their inability to adapt sufficiently quickly, although other factors such as climate changes and/or competition with humans for prey may also have contributed.
In summary, natural selection is dependent on expressed traits originating from random genetic variation in a population. Different traits confer different survival potentials. However, selection is not random. In a given environment, individuals with advantageous phenotypes will have a high chance to survive and to reproduce (i.e., be selected). Thus, the probabilities of individuals' traits and the associated genes being passed to following generations depend on their reproductive success in their environment, and, i.e., differential reproduction. Selection pressures induce changes in populations' genotypes and associated phenotypes; thus, isolated populations of the same population under different selection pressures may diverge sufficiently to become different species. Natural selection education should embrace all of these key concepts, explicitly clarifying their interrelationships and relevance to the principles of natural selection (Godfrey-Smith 2007), as described above and summarized in Table 1 .
However, we argue that in teaching about natural selection, it is not sufficient to consider solely the purely biological concepts that underpin the respective complex theory. In our understanding, the problems of learning natural selection lie "under the surface of biology", i.e., there are other, more general concepts that must be understood in order to grasp the evolutionary concepts. However, as yet, these have remained mostly "hidden" or implicit in natural selection education, which may impede conceptual understanding of evolution. We hypothesize that these are fundamental threshold concepts for teaching and learning the theory of both natural selection and evolution generally.
Threshold Concepts for Understanding the Principles and Key Concepts of Natural Selection
Conceptual change theory (e.g., Posner et al. 1982) has long been widely applied to describe and predict learning in science education (Duit and Treagust 2003) . Here, following Piaget, learning is described as a process of either "assimilation" or "accommodation". The process of "assimilation" means that a new concept is harmonized within an individual's existing knowledge structure. The process of "accommodation" means that an individual's knowledge structure changes, and thus, includes the new information resulting in an altered knowledge structure. A decade ago, Meyer and Land (2005) proposed a further approach to explain the learning of complex concepts, such as natural selection and evolution, based on a model of socalled threshold concepts with a non-concrete, abstract nature. They defined these concepts metaphorically as portals that, once passed by a learner, open up new, previously inaccessible ways to develop knowledge. Conceptual change theory and the threshold concept model jointly imply that knowledge of the threshold could be essential for the conceptual change required to gain knowledge of a particular content. In this respect, evolutionary theory can be regarded as resting on a conglomerate of several threshold concepts, like randomness, probability, temporal scales, and spatial scales (Ross et al. 2010 ) that must be understood in order to understand evolution generally and natural selection specifically.
A potential characteristic of threshold concepts is that they are challenging or troublesome. However, when understood, they open up new ways of thinking that were not previously possible and enable new extended understandings of the subject matter. Such concepts can resolve troublesome ideas that appear alien or counter-intuitive to students, giving rise to periods of conceptual stasis and "failure to learn". This transformation may take time or may be sudden, but it ultimately leads to a scientifically correct understanding of the content. Such transformations of internal views are typical for ontological and cognitive shifts that are also often accompanied by the students' use of a more advanced language. Thus, once understood, threshold concepts profoundly alter the fundamental perception of a given subject, resulting in a conceptual change or even a paradigm shift. In addition of being challenging, in this way, they are transformative. They are also integrative, since they provide previously blocked insights into the subject and connections between topics. A further characteristic feature of threshold concepts is irreversibility; once their meaning has been learnt, it is unlikely to be forgotten (Meyer and Land 2005) .
In biology, the threshold concepts are often tacit understandings of the discipline (Ross et al. 2010) and not explicitly taught (Perkins 2006 ). However, this seems definitely necessary, since for example, Fiedler et al. (2017) have shown that understanding randomness in a mathematical context manifests another ability than grasping randomness in an evolutionary context. Thus, we need to look beyond the biological content, to how the threshold concepts operate in the discipline, and make them explicit to students. There are indications that threshold concepts include abstract concepts that are not necessarily specific to natural selection, but vital for grasping its principles, and these concepts must be pointed out in parallel with the key concepts of natural selection. Concepts that may hinder the learning of natural selection include temporal scale (Catley and Novick 2009; Cheek 2012) , spatial scale (Kalinowski et al. 2010 ), probability, and randomness (Garvin-Doxas and Klymkowsky 2008; Mead and Scott 2010; Robson and Burns 2011) . Ross et al. (2010) have also proposed several biological concepts that they distinguish from being only biological concepts because they concern more fundamental and general aspects of natural science. Since the variation in populations depends on random mutations in the genes, another threshold concept might be randomness (Bazil et al. 2016 ). However, we have chosen to treat genetic variation in connection with the origin of variation, which in turn is a random process.
In the following sections, we focus on four threshold concepts, randomness, probability, temporal scale, and spatial scale. In conjunction with the previously identified principles and associated key concepts, this results in a two-dimensional framework for evolution education, as the threshold concepts are orthogonal to the key concepts and principles, in the sense that they are important elements of numerous key concepts in many disciplines (Fig. 1 ). Using this model, in the following sections, we elaborate on the relations between the key concepts and the threshold concepts. In addition, we discuss implications of the complex nature of natural selection and the operation of evolutionary processes across multiple organizational levels (Table 2 ) and scales.
Randomness and Probability
Following reports of students' difficulties by various authors, we concluded that probability and randomness are threshold concepts for understanding natural selection (e.g., Mead and Scott 2010; Robson and Burns 2011) . These difficulties appear to be rooted in deep-seated misconceptions about random processes, which may lead people (inter alia) to interpret unusual coincidences as paranormal because they misunderstand the probability of their occurring by chance (Paola 2002) . For example, Garvin-Doxas and Klymkowsky (2008) found that students tend to believe that random processes are inefficient, but biological processes such as mutations and selection collectively result in evolutionary developments that appear well organized and efficient. They found an almost total absence of understanding of the counter-intuitive fact that random processes happen all the time and can give rise to complex outcomes that can appear directed if one does not consider the effect of selection. Clearly, this could seriously hinder understanding of the role of random variation.
Randomness is defined here as the lack of pattern or predictability in events. A random sequence of events does not follow an intelligible pattern or combination (Bennett 1998 ) and individual random events are by definition unpredictable. In the context of natural selection, the origins of variation, mutations, are chance events, i.e., random (Table 2 ). Other kinds of random events that affect populations are accidental death or non-reproduction of individuals in a population (i.e., deaths or failure to reproduce that is not directly related to individuals' genetic make-up or selection pressures), and more generally any stochastic events that randomly reduce (or increase) individuals' fitness. We believe that randomness could be a Fig. 1 The two-dimensional framework for teaching and learning evolution integrating biological principles with relevant key and threshold concepts Biological Principles and Threshold Concepts for Understanding Natural...threshold concept that, if grasped, would lead to new ways of perceiving biological variation, and hence, natural selection, and that explanations lacking a consideration of randomness may lead to teleological reasoning about variation, for example, that variation occurs as a direct response to a need evoked by the environment.
Probability is defined as a measure of the likeliness that an event will occur and quantified as a number between 0 and 1 (where 0 indicates impossibility and 1 indicates certainty) (Feller 1968) . The higher the probability of an event, the more likely it is to occur. Probability is closely related to randomness (Fig. 1) , but while randomness describes the uncertainty of an outcome of a single event, probability concerns the relative distribution of possible outcomes of multiple events. Given a single opportunity, something with a low probability is very Differential survival/ reproduction-the probability of an individual to reproduce depends on the probabilities of a set of conditions, e.g., survival to a fertile age. Temporal scale Variation Variation arises from causal chains of events that manifest at different timescales: variation-generating events (origin of variation, e.g., mutation and recombination) happen at instantaneous timescales and cause individual variation that affects organisms' survival and reproduction probabilities over minutes to years, and hence, population-level variation (over timescales up to millions of years). Inheritance and reproduction happen on the "one-generation" time scale (i.e., at taxon-specific generational timescales). Selection A certain selection pressure has to be reasonably unchanged over several generations for selection to operate and give rise to a change in the population (i.e., effects of selection pressures depend on their constancy, duration, and initial states of affected populations).
Inheritance and selection
Population changes and speciation occur generally over many generations (at timescales from hours to millions of years). Spatial scale (and levels of organization)
Variation
Variation arises from causal chains of events at multiple organizational levels: nano-scale variation-generating events (e.g., mutation and recombination) cause individual level variation at the micrometer to meter scale leading to population-level variation at micrometer to global scale. Inheritance Reproduction (and thus, inheritance) happens at the organism level (micrometer to meter scale) Selection Population changes and speciation have geographical distributions that can range from sub-meter to continental scales.
unlikely to happen. However, when the number of events is increasing, the chances increase that one of the events will result in the specific outcome, and therefore, probability is closely related to temporal scale (many generations). Therefore, with a large population reproducing across many generations, a rare and beneficial mutation is likely to happen, but the probability to occur in a single individual will be very low. In evolution by natural selection differential fitness, differential survival and differential reproduction are all probabilistic. Therefore, "survival of the fittest" is a probabilistic rather than random process (Table 2) . Natural selection can be thought of as a lethally rigorous, realworld testing process for evaluating the effect of different random variations in the gene pool of a population; i.e., the adaptation of an organism to a new environment can intuitively be perceived as ordered and purposeful, but is in fact dependent on random genetic variation and the process of selection, which is non-random but affected by probabilistic events. Deterministic reasoning, due to failure to separate these concepts, is common among learners (e.g., Bishop and Anderson 1990) . The transition to probabilistic thinking about selection could disfavor non-scientific explanations such as only good traits are inherited, natural selection is an event, or that natural selection always leads to the "better" (e.g., stronger, bigger or faster, and/or more complex organisms) rather than better-adapted (potentially weaker, smaller, slower ,and/or simpler) organisms (e.g., Nehm and Reilly 2007; Nehm et al. 2010; Gregory 2009; Hiatt et al. 2013; and Leonard et al. 2014, and Smith 2010a, b.) Probability is also a threshold concept for understanding inherited variation (Fig. 1) . Probabilistic understanding of inheritance facilitates the formulation of new models where traits are not inherited solely deterministically but also stochastically.
It should be noted that even if the genetic processes leading to variation occur at random positions in the genomes, the probability for a certain mutation to arise in a population of a given size in a given number of generations can be calculated, but a specific mutation is highly unlikely to arise in a specific individual. Furthermore, even if one can predict the chance of a specific mutation occurring, the chance of a novel trait emerging cannot usually be predicted (unless the effects of specific mutations in that taxon, or sufficiently related taxa, are known) since natural selection is not deterministic.
Temporal and Spatial Scales
Both scientists and science educators have recognized the importance of size and scale for the ability to reason with scientific concepts, models, and systems. However, the teaching and learning of concepts related to size and scale present major challenges. For example, Swarat et al. (2011) identified three major ways students conceive scale: linear (representing direct observation or experience), proportional, and logarithmic. They found that the most difficult of these categories for students to grasp was the logarithmic scale, but the largest problem was connecting different levels of organization or timeframes.
A dominant framework in chemistry education is the level-based description of representations (Johnstone 2010) : the macro-level, the sub-micro level, and the symbolic level. Macrolevel phenomena and properties can be experienced with our senses, while the atomic processes underlying these directly observable phenomena occur at the sub-microscopic level, which must be represented using models, diagrams, or graphs. At the symbolic level, the external representations involve symbols such as letters for atoms, plus and minus signs for charge, and arrows for equilibria. Analogous examples in biological contexts include explanatory mechanisms, schemata and flow diagrams at the symbolic level, representations similar to those in chemistry at the sub-micro level, tissue, organs, and whole organisms at the macrolevel (Knippels 2002; van Mil et al. 2016 ). However, biology requires additional levels (Tsui and Treagust 2012) , the micro-level, organelles and cells, and the meso-level, the scale of molecular structures in which cellular biochemical processes occur (Alberts 1998; Hartwell et al. 1999) . Associating structurally and functionally related content areas, levels of organization and timescales are mentally demanding (Magana 2014; Magana et al. 2012; Niebert and Gropengiesser 2015) , and biological natural selection encompasses the most extreme ranges of scales and complexity (because any biological phenomena can be considered in evolutionary frameworks).
As pointed out by Ferrari and Chi (1998) , understanding natural selection requires understanding of multiple levels of organization, and the temporal and spatial scales of natural selection processes respectively range from nanoseconds to millions of years and from molecules to continents. Integrating those scales in natural selection contexts poses major educational challenges. The evolution of species is dependent on variation caused by events like mutations at the molecular level. For example, the phenotypic variations in a rabbit population manifest at the meter scale, but the variation originates from molecular-scale events, while migration and the emergence of new species occur at geographic or population scales. In addition, these processes span temporal scales ranging from essentially instantaneous to deep time. Consequently, integration of multidimensional information across diverse temporal and spatial scales is required to understand natural selection (Fig. 1) . Similarly, environmental selection pressures may operate at widely differing organizational levels (spatial scales), from molecular (e.g., exposure to a toxin), through meter scale (e.g., presence of a predator), to global (e.g., climate change). Thus, the ability to connect causal events across scales ranging from molecular to geographic, i.e., at different organizational levels, is crucial for comprehending biological natural selection. Athanasiou and Mavrikaki (2014) recently compared the knowledge of biological evolution among novice and advanced university students, using the Concept Inventory of Natural Selection (CINS) instrument (Anderson et al. 2002) . They found that the most wellunderstood aspects of evolution among novices were individual variation in a population and inheritance of traits, both of which are relatively easy to relate to from personal experience. The least well-understood aspects were the origin of variation, differential survival potential, and origin of species. Only 20-30% of the novices chose the correct alternatives for items testing these aspects. The most problematic concept for advanced students was biotic potential. Most of these difficulties might be explained by problems in understanding the threshold concepts.
Connecting processes at different organizational levels has been shown to be problematic in chemistry and genetics education (Johnstone 1991; Bahar et al. 1999; Knippels et al. 2005 ). In accordance with Andersson and Wallin (2006) and Jördens et al. (2016) , we propose that there are similar difficulties in the context of evolution education. Furthermore, we propose that there may be an analogous difficulty in connecting different timescales.
In summary, some of the reported difficulties in understanding natural selection might be grounded in difficulties in overcoming the proposed thresholds (Fig. 1, Table 2 ). If so, grasping the key concepts alone could be insufficient for successful understanding of natural selection. For example, knowing that variation exists in populations is not sufficient; one must also appreciate the underlying stochastic factors. Thus, introducing and emphasizing threshold concepts in parallel with key concepts in natural selection education may be essential, but this raises questions about the optimal way(s) to do this, which we address in the following sections. Natural selection is an extremely complex probabilistic phenomenon that involves random processes, or at least processes with varying degrees of stochasticity (e.g., mutation, mating, and accidental death) that lead to profound self-organizing and emergent changes in populations of organisms over vast (and diverse) scales of space and time (Chi et al. 2012 ). The complexity is illustrated by the interactions among genetic changes, physiological and developmental processes involved in phenotypic expression, myriads of environmental factors, fitness, survival, and (hence) selection pressures, all of which involve highly complex processes and vary massively over space and time. This complexity is usually described on the level of the key biological concepts and principles of natural selection outlined above, but closer examination reveals potential obstacles linked to the identified threshold concepts. For example, to grasp the causal chain leading from genotype to phenotype, one must follow the track from an individual organism's DNA sequence, including mutations, to the complete organism's physical, physiological, or behavioral traits (Kirschner et al. 2006) . Also, Smith et al. (2009) and White et al. (2013) have recommended the so-called integrative cases, in which genes-to-selectable-phenotype pathways are described in the context of evolution. The central parts of this causal chain lie in the so-called micro-, meso-, and sub-micro scales.
The events that occur at sub-micro and meso-scales are dynamic, complex, and generally less well understood than phenomena at the micro and macro scales. In addition, many traits are "quantitative" (i.e., measurable, dependent on multiple genes and interactions between both the resulting proteins and environmental factors, and thus, not subject to simple Mendelian inheritance patterns). If a trait is an effect of a single genetic change (for example, a mutation causing sickle cell anemia), the relation between genotype and phenotype is relatively simple to illustrate. However, large parts of the genotype-to-phenotype pathway(s) are frequently neglected, avoided, taken for granted, or implicitly indicated in teaching natural selection. Genetics instruction in introductory biology courses is often confined to Mendelian genetics and avoids the complexities of variation in quantitative traits (Batzli et al. 2014 ) and the replication of DNA (inheritance of genotype), its transcription and translation (production of proteins) are often taught in isolation and with weak connection to natural selection. To help learners grasp these complexities, Andersson and Wallin (2006) and Knippels (2002) have argued that a "yo-yo approach" is needed, in which each level of organization is addressed, and moves between different levels are explicitly explained and displayed. Recently, Jördens et al. (2016) described several problems related to disconnection and confusion between levels. They claim that vertical connections are necessary in the context of evolution.
Clearly, interweaving of the natural selection principles and key concepts with the threshold concepts strongly contributes to the complexities involved. We argue that the complex structure of natural selection concepts is very difficult to grasp by merely considering the pure biological "surface" level phenomena, and that the threshold concepts must be made tangible to perceive and grasp their significance.
In summary, the threshold concepts described above share one or more of the following characteristics. They are non-perceptible, abstract, and often appear to lead to counter-intuitive results. Neglect, trivialization, or over-simplification of these concepts frequently leads to scientifically incorrect or teleological conclusions. Thus, we propose an extended framework that is not restricted to biological concepts but integrates the threshold concepts in a structured manner. We argue that using this framework in the development of instructional tools could improve understanding of biological evolution. We also suggest that natural selection education should incorporate threshold concepts, and the complexity of natural selection should be confronted using it as the unifying core idea of biology.
Visualizing the Threshold Concepts-an Approach to Teach the Complexity of Natural Selection
Progress in understanding science has been shown to be tightly connected to the ability to model abstract and complex content (e.g., Kozma et al. 2000) , and one way to do this is through visualizations. Visual representations in science are characteristically very broad and highly heterogeneous. They may depict more complex phenomena monitored by other instruments or be displayed in imaginary schemes, diagrams, mathematical relationships, or computer renderings. Dynamic visualizations are those in which the graphical elements are displayed and change with time. Animations and simulations are examples of dynamic visualizations, and we also include videos and computer games in this category. Animations might be based on simulations, but like videos, they can only be manipulated by starting, stopping, and rewinding them. In contrast, simulations and computer games are interactive and can be manipulated in more diverse ways during their execution. Recent developments in digital media also allow combinations of machine-generated and handmade representations.
Visual representations have been shown to be useful tools for making abstract content comprehensible (Niebert and Gropengiesser 2015) for learners. In fact, research indicates that to develop an integrated understanding of matter, it is important for students to be able to represent and interpret visualizations and to connect them to observable phenomena (Gilbert and Treagust 2009; Johnstone 1991; Linn 2006) . Use of multimedia and computer-mediated instruction can promote students' understanding (e.g., Barnea and Dori 1999; Kozma and Russell 1997; Mayer, 2003a; Wu et al. 2001 ) and the use of multimedia and computer-mediated instruction can promote students' meaning-making (e.g., Barnea and Dori 1999; Kozma and Russell 1997; Mayer 2003; Wu et al. 2001) . Results from the use of such types of multimodal representations indicate a potential to transform students learning (McElhaney et al. 2015) . By using multiple representations of the same concept, a simulation can also link the changes in different kinds of representations (e.g., to link manipulation of the DNA sequence to effect at the macromolecular level, which in turn effects the physiology, and finally, eventually changing the phenotype). However, non-interactive media is often not useful for showing phenomena over time, and static illustrations have problems of showing change in populations or giving the whole picture of replication. For the understanding of complex content, such as natural selection, interactive simulations and animations might be helpful.
Animations are valuable when they explicitly depict linear or dynamic changes over time. For example, several studies have shown that participation in a teaching setup including animations can improve students' understanding of molecular movements and dynamics, interactions between molecules, osmosis, and equilibrium (Pallant and Tinker 2004) . When animations present dynamic content, they also visualize spatial changes in both position and form and challenge students' (mis-)perceptions emanating from static illustrations (Rundgren and Tibell 2010) .
Animations and simulations could therefore be highly useful for illustrating the dynamic processes involved in natural selection, the complex connections between them, and spatialtemporal relations. These aspects pose major challenges, which could be potentially overcome by means of multimedia learning (Mayer 2005) . We believe that interactive multimedia learning can provide new possibilities to teach and learn about threshold concepts by affording multimodal and multi-scale presentations of information that allow instant feedback, thereby facilitating sense-making.
We have found no studies on dynamic visualization that have focused on threshold concepts in natural selection. In the following section, we exemplify how visualizations, particularly dynamic visual representations, have been used to facilitate learning of threshold concepts and associated phenomena, mostly in other areas, but related to natural selection. We also report observed benefits, shortcomings, and design issues noted in these studies.
Randomness and Probability in Visualizations
In many cases, the problem with understanding natural selection lies in accepting that the mutations that lead to genetic variation occur randomly and are not affected by the environment. Thus, the environment does not bias the random positions for genetic alterations towards those that are beneficial for adaptation. Mutations, which occur on random occasions in a population, are essential for the broad variations in genetic composition that eventually accumulate, and adaptation is a consequence of selection of previously existing variants in populations. However, to our knowledge, no studies have explored ways to visualize the roles of randomness in natural selection. Based on previous studies, exemplified below, we suggest that adequate visual representations, which can explicitly depict the randomness and probabilistic aspects of the processes, are likely to support students' comprehension of them (and hence, of natural selection generally).
Visualization of randomness and probability in educational contexts is relatively scarce and has been mainly studied in mathematics and statistics education using graphs or simulations (Gordon and Gordon 2009 ). The abstract concepts have usually been applied to objects seen in the scale range that humans can perceive with unaided senses, such as coins or dices (e.g., Capadia and Borovcnik 1991) . In most of these cases, the visual representations have been found to be helpful.
One non-digital biological example is a tangible model of a virus that was used to study its effects on students' meaning-making of a sub-microscopic process, the self-organization of a virus capsid (Höst et al. 2013) . This process was perceived as counter-intuitive since a virus capsid is created via random collations of subunits. The study indicated that use of the model supported the students' understanding of the random and reversible aspects of the self-assembly process. In fact, the behavior of the model was shown to challenge students' pre-conceptions of the nature of the self-assembly of the virus capsule as a predetermined process (Larsson and Tibell 2015) . However, it did not support understanding of the different attractive and repulsive forces involved.
Another example is the study conducted by Haddad and Baldo (2010) . Their aim was to show to students that the diffusion rate is high enough to explain transport within cells but too slow for transport between tissues in a multicellular organism. In their investigation, the students (representing the particles in a system) were moving relative to a reference line in several rounds directed by tossing a coin (representing the random movements of the particles). Then, the students had to calculate how many trials were needed for a given student to cover a particular distance. By this experience, the students realized why diffusion causes efficient molecular transport over short distances but becomes increasingly and rapidly less effective as the distance becomes progressively larger.
In another biological context, the utility of an animated graph for communicating the nature of risk of dying due to cardiovascular disease has been explored (Witteman et al. 2014) . The authors tested various design factors, in varying combinations, and using questionnaires to randomly selected individuals as respondents. Introduction of an avatar as a symbol for individuals and populations appeared to be the best design. This study demonstrates the importance of visual design and choice of modalities for the efficiency of communication.
In natural selection contexts, visualizations of trees, patterns, or evolutionary landscapes are ways of typologically handling its roles (Olsson and Østman (n.d.) , https://www.youtube. com/watch?v=4pdiAneMMhU). Another example is a simulation by Espinosa and Bai (2011) designed to show probabilities of certain random mutations arising and being selected in a population, and the effects of selection pressures, time (generations), and population size on the probabilities.
Altogether, these studies exemplify how visual representations can be used to help students grasp important abstract concepts, such as randomness, and associated counter-intuitive phenomena. However, since all visualizations concentrate on one or just a few aspects of a phenomenon, they have to be complemented by other visualizations and by explanations as well as further educational support. Deeper analysis is required to identify the optimal designs, the optimal ways to use them, and to elucidate their effects.
Temporal and Spatial Scales in Visualizations
As already mentioned, three levels of organization (macro, sub-micro, and symbolic) have been recognized in level-based descriptions of representations (Johnstone 2010) , but biology requires two additional (meso and micro) levels (Tsui and Treagust 2012; van Mil et al. 2016) , and natural selection encompasses the most extreme ranges of scales and complexity. Boroditsky (2000) proposed that abstract conceptual domains are structured through metaphorical mappings from domains grounded directly in experience. His results indicate that the domains of space and time share a conceptual structure. Spatial relational information is therefore suggested to be just as useful for thinking about time as temporal information. With frequent use and training, mappings between space and time might lead to thinking about time that does not necessarily require access to spatial schemas. Accordingly, one strategy to handle transitions between scales is by creating representations. One representational approach is to use multiple representations, such as two-dimensional static representations (Ainsworth 1999) . However, there is also considerable evidence that learners often fail to take advantage of multiple representations, and that they need to be used in a supportive context (Ainsworth 2008) . Multimedia and dynamic visual representations, such as videos and animations, are other approaches for connecting timeframes and illustrating dynamic processes. There are also several reports indicating that visualization is helpful for grasping issues related to size and scale (Mayer 2001) .
It has been proposed that various interactive representations, such as simulations, digital learning platforms, and games, may be even more beneficial. For example, Magana (2014) proposed that interactive 3D models with "zoom in zoom out" facilities and direct interactivity with a scale metaphor help students familiarize with objects of different sizes and timescales, and to make the connections explicit (van Mil et al. 2016) . Research indicates that these strategies can be beneficial for three reasons according to Ainsworth (1999) : (1) representations can complement each other, (2) familiar representations can constrain and explain more unfamiliar ones, and (3) a combination of representations can provide learners with deeper conceptual understanding of topics. The interactive learning environment BioLogica exemplifies this. This is a hypermodel intended to facilitate understanding of connections between mutations, genotypes, gene products, and phenotypes. Assessments of BioLogica's educational learning potential concluded that it contributes to the development of students' reasoning skills in the domain by increasing motivation and interest, provided that instruction and feedback are given and scaffolding is supported (Tsui 2003; Buckley et al. 2004) .
Many concepts underlying natural selection are both complex and counter-intuitive, e.g., that adaptation and the emergence of new species originate from random mutations. Thus, we suggest that visual representations might be effective tools for interrelating the diverse aspects of natural selection, and integrating them into the network of concepts that underlies modern understanding of evolution. With intelligent guidance to facilitate sense-making in natural selection, the full potential of the media could be realized (inter alia, we believe) by using it in natural selection education to facilitate grasping of connections between conceptualized molecules and populations of real organisms, and events on timescales ranging from nanoseconds to billions of generations.
Complexity in Visualizations
Biological organisms have properties that arise from complex interactions among their own components and diverse external factors. Biological processes involve complex systems operating at multiple, tightly connected levels of organization-from the subatomic, through molecules, cells, tissues, and organs, to individual organisms, whole populations, ecosystems, and biomes. All of these interactions are intimately associated with natural selection (which is why it can be regarded as a core, unifying concept). The systems involved in the process may have different characteristics and functions, but they still share many features, together with both random and ordered elements in their behavior. Hence, they are neither completely deterministic (as in Newtonian mechanics) nor totally random (like motions of particles in statistical mechanics). However, a complex system is dependent on its initial conditions (Mazzocchi 2008) . This complexity at multiple levels of organization underlies natural selection. As a whole, this is a major challenge for educators to teach and for students to comprehend, understand, and appreciate.
In fact, several studies indicate that visualizations are valuable tools for communicating complex content to learners. (e.g., Gordin and Pea 1995) . For example, Tversky et al. (2002) suggested that dynamic representations may be more effective for communicating complex systems than static representations, and Ainsworth (2008) pointed out that multiple representations are powerful tools to help learners develop complex scientific knowledge. Hence, we conclude that visualizations can be effective tools for communicating the complexity that results from the two-dimensional framework for teaching natural selection described above.
Concerns and Visual Design for Learning
According to the structure-mapping principle (Schnotz 2005; Schnotz and Bannert 2003) , pictures and animations only enhance comprehension if the learning content is visualized in a task-appropriate way. Tasker and Dalton (2008) have shown that different people with different prior knowledge perceive different features in an animation, highlighting the need to consider the prior knowledge of the students when using animations. Visualizing abstract and non-perceptual concepts is a particularly demanding task. Both instructional and graphic design must be optimized so that it facilitates learners' understanding, without introducing misleading simplifications, or cognitive overload. Hence, it is very important to consider the content, the aim, learners' pre-knowledge (e.g., Neubrand and Harms 2017; Neubrand et al. 2016) , and the learning goal of a visualization when investigating the nature of the receivers' comprehension of the message (or seeking to maximize its educational value). Interactivity has been suggested to be one way to overcome some of the problems (Tversky et al. 2002; McElhaney et al. 2015) which are central for understanding the threshold concepts. Randomness and probability are dependent on interactivity in simulations and interactive animations; however, the connection to the evolutionary context is also important. Understanding the temporal scale requires new embodied ways to really grasp the enormous differences in time. A ruler showing the difference between mutation rates and when life on earth emerged is far too simple. Furthermore, videos, animations, and simulations should fulfill at least two criteria when teaching different spatial scale. They should address different levels of organization, and also help students to distinguish between these levels (Jördens et al. 2016) .
In summary, for visualizations to be effective, learning tools must be firmly rooted in the knowledge base of the viewer/learner. If the viewer does not possess the knowledge required to understand the graphical entities and the relations between them, visualization will not achieve its goal. Therefore, the visualization has to make connections between the knowledge base of the learner and the knowledge being taught. Consequently, in order to design effective visualizations, it is crucial to consider the nature of the content intended to be communicated and to have knowledge of learners' pre-conceptions. However, variations in both learners' knowledge bases and their internal representations of the visualized phenomena will influence how they interpret visualizations and integrate presented knowledge in their existing knowledge base. In addition, as individuals learn science, they progress from perceptual or realistic to abstract levels of understanding through increasing levels of abstraction and visualization (Mathewson 2005 ). Such considerations are major foci of the research area Visualization for learning, in which the key practical objective is to identify the most appropriate way to design (multimodal) visualizations tailored to the specific combinations of contents and how to complement these visual tools to efficiently communicate this content.
Conclusions
We suggest that natural selection education should explicitly focus on threshold concepts and confront the complexity of the topic. Further, we propose that visualization and "perceptualisation" of concepts and processes that are not directly accessible through students' senses (e.g., threshold concepts) might facilitate conceptual change in their understanding of natural selection.
The two-dimensional framework advocated here and the hypothesis that the thresholds need to be rendered tangible for the learners by visualization have several implications. Notably, there is a need to assess whether visualizations of natural selection processes that are used for educational purposes or are available for public use, e.g., via the internet, take into account the threshold concepts. If so, there is then a need to consider how they are expressed and connected to key concepts and principles of natural selection. Such analyses should be accompanied by intervention studies designed to assess effects of these visualizations in teaching and learning settings.
Ideally, this should lead to the establishment of a set of tools, and hence, development of effective dynamic multimodal representations for teaching and learning of biological natural selection. However, no visual representation is likely to be sufficient on its own, as the examples summarized above indicate that in order for dynamic digital visualizations to be efficient tools, they must be complemented with appropriate instructional support and feedback for efficient scaffolding. Such support also needs to be developed and combined with the specific visualizations in functional modules for teaching and learning natural selection.
